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SUMMARY

The purpose of this profile is to investigate the possible joint actions of pyrethroid insecticides,
organophosphorus insecticides and carbamate insecticides on neurological end points in humans. In
assessing the available information on possible interactions among these chemicals, this profile concludes
with recommendations for conducting screening level assessments of public health concerns from joint

exposure to mixtures of these chemical classes.

ATSDR recommends that the default assumption of dose-additive joint action at shared targets of toxicity
(i.e., effects on neurological end points) be used for screening level assessments of the potential adverse
health outcomes from concurrent oral exposures to mixtures of pyrethroids, organophosphorus and
carbamate insecticides. The assessments should be accompanied by qualitative descriptions of weight-of-

evidence evaluations of available interaction data:

1. greater-than-additive action on neurological end points is possible between certain

pyrethroid and organophosphorus insecticides;

2. the available data are inadequate to assess the possible direction of interactions between

pyrethroids and carbamates; and

3. limited available data support dose additivity of carbamate and organophosphorus

insecticides on neurological end points.

Overall, the evidence is not compelling to move from a dose-additive approach for screening level
assessments. The evaluations indicate that greater-than-additive interactions between certain pyrethroid
and organophosphorus insecticides are possible, but key findings in mammals come from a study of
potentiation of fenvalerate lethality in rats pretreated with certain organophosphorus insecticides
(Gaughan et al. 1980). The relevance of these findings to relatively low (nonlethal) environmental

concurrent exposure to pyrethroid and organophosphorus insecticides is not well understood.
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1. Introduction

The primary purpose of this Interaction Profile for Mixtures of Insecticides: Pyrethroids,
Organophosphorus Compounds, and Carbamates is to evaluate data on the toxicology of the “whole”
mixture and the joint toxic action of the chemicals in the mixture in order to recommend approaches for
assessing the potential hazard of mixtures of these insecticide classes to public health. To this end, the
profile evaluates the whole mixture data (if available), focusing on the identification of health effects of
concern (i.e., neurological effects), adequacy of the data as the basis for a mixture health guidance value,
and adequacy and relevance of physiologically-based pharmacokinetic/pharmacodynamic models for the
mixture. The profile also evaluates the evidence for joint toxic action—additivity and interactions—
among the mixture components. A weight-of-evidence approach is commonly used in these profiles to
evaluate the influence of interactions in the overall toxicity of the mixture. The weight-of-evidence
evaluations are qualitative in nature, although the Agency for Toxic Substances and Disease Registry
(ATSDR) recognizes that observations of toxicological interactions depend greatly on exposure doses and
that some interactions appear to have thresholds. Thus, the interactions are evaluated in a qualitative
manner to provide a sense of what influence the interactions may have when they do occur. The profile
provides environmental health scientists with ATSDR Division of Toxicology and Human Health
Sciences (DTHHS) recommended approaches for the incorporation of the whole mixture data or the
concerns for additivity and interactions into an assessment of the potential hazard of this mixture to public
health. These approaches can then be used with specific exposure data from hazardous waste sites or

other exposure scenarios.

Interactions between pyrethroid, organophosphorus, and carbamate insecticides are of interest to ATSDR
because members of these chemical classes are the most widely used insecticides, and the general
population is expected to be exposed to mixtures of members of these insecticide classes from eating food
or drinking water with insecticide residues and from the use of insecticides in the home and workplace.
The U.S. Environmental Protection Agency (EPA) estimated that the world-wide and U.S. expenditure
for insecticides in the year 2012 was U.S. $ 16,023 million (or 25% of the market for all pesticides) and $
2,184 million (or 25% of the market for all pesticides), respectively, at the producer level (EPA 2007a).
Because of the widespread use, these insecticides also end-up at hazardous waste sites. The occurrence of
the insecticides at hazardous waste sites based on the ATSDR’s database is provided in Appendix E.
Exposures at the sites may be higher than those encountered by the general population. In addition, all

three routes of exposure may be of concern.
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This profile concentrates on neurological effects, as these are the principal and most well-studied toxic
effects associated with exposure to individual members of each of these insecticide classes.

Appendices A-C to this profile provide background information on the toxicokinetics, health effects, and
mechanisms of action of pyrethroid insecticides (Appendix A), organophosphorus insecticides (Appendix
B), and carbamate insecticides (Appendix C). Also included in the appendices are descriptions of current
ATSDR and EPA health guidelines for members of each insecticide class. As discussed in the
appendices, cancer is not an expected health end point of concern for most members of each of these
insecticide classes. Likewise, results from standard developmental toxicity and reproductive toxicity tests
in animals do not identify developmental toxicity or reproductive toxicity as critical health effects for
most members of each class (Appendices A—C). There is a concern for possible neurodevelopmental
effects from organophosphorus insecticides based on positive results in a few in vivo studies and in vitro
mechanistic studies (see Appendix B). Available studies that tested these end points, did not clearly
establish neurodevelopmental effects as health effects of concern for pyrethroid or carbamate insecticides

(see Appendices A and C).

Mechanistic information indicates that pyrethroids induce neurological effects by interfering with
voltage-gated sodium channels (VGSC) in nerve cells (see Appendix A), whereas organophosphorus and
carbamate insecticides induce neurological effects via inhibition of the enzyme, acetylcholinesterase
(ChE), leading to accumulation of acetylcholine at acetylcholine receptors and overstimulation of
junctions in central and peripheral nerves (see Appendices B and C). Pyrethroids are manufactured
insecticides that are similar in chemical structure to pyrethrins, naturally occurring chemicals found in
certain chrysanthemum flowers (Appendix A; ATSDR 2003a). Hundreds of organophosphorus
compounds have been synthesized and many commercialized as insecticides, and more than half of
insecticides used are organophosphorus compounds (Costa 2008). Carbamate insecticides are structurally
diverse derivatives of carbamic acid or N-methyl carbamic acid (Costa 2008). The carbamate insecticides

discussed in this profile are all N-methyl carbamate derivatives.

EPA (2006, 2007b) determined that the organophosphorus insecticides and the N-methyl carbamate
pesticides represent separate common mechanism of toxicity groups (see Appendices B and C). Although
the signs and symptoms of acute high-level exposure to carbamate insecticides are similar to those
induced by organophosphorus insecticides, the carbamylated ChE is transiently inhibited, rapidly
reversible, and does not undergo the irreversible aging reaction that happens with organophosphorylated
ChE (Costa 2008). Thus, cholinergic signs and symptoms of acute carbamate intoxication are generally

resolved within a few hours, whereas acute organophosphorus intoxication takes longer to resolve (Costa
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2008). To conduct cumulative risk assessments for these two classes of insecticides, EPA’s Office of
Pesticide Programs (OPP) derived relative potency factors (RPFs) for 33 organophosphorus insecticides
based on relative ability to inhibit brain ChE in adult rats exposed for 21 days, compared with the index
chemical, methamidophos (EPA 2006; see Appendix B), and RPFs for 10 carbamates based on the ability
to inhibit brain ChE in acutely exposed adult rats, compared with the index chemical, oxamyl (EPA
2007b; see Appendix C).

Pyrethroids represent a class of chemicals that rapidly modify the function of nerve cells predominantly
by modifying the kinetics of VGSCs, but other diverse targets have been identified, including voltage-
gated chloride channels, gamma-aminobutyric acid (GABA)-gated chloride channels, and noradrenaline
release and voltage-gated calcium channels (Appendix A; Ray and Fry 2006; Soderlund et al. 2002).
EPA (2011b) concluded that pyrethroids share the same mechanism of action, namely interacting with
VGSCs in nerve cells. Although different pyrethroids have been demonstrated to interact differentially
with different VGSC subunits, all tested pyrethroids alter the Kinetics of VGSCs in nerve cells (EPA
2011a, 2011b). In addition, EPA (2011a, 2011b) determined that the weight of evidence supporting
mechanisms of action at other channels was “not compelling”, relative to action on sodium channels. For
a cumulative risk assessment, EPA (2011a) derived RPFs for 15 pyrethroids, based on scores for
changing several clinical end points related to alterations in VGSCs in acutely exposed rats, compared

with the index pyrethroid, deltamethrin (see Appendix A).

Although members of all of these chemical classes have been detected in air samples and some residential
exposure scenarios are expected to involve oral, dermal, and inhalation exposures, the major source of
exposure to these classes of insecticides in the general human population is likely to be as residues in food
(Appendices A-C). Information regarding mixtures of these chemicals at hazardous waste sites can be
found in Appendix E.

Information to prepare this profile was obtained via searches of the literature (conducted in February—July
2009 and updated in February 2013) with a focus on information for members of each insecticide class
listed in Table 1. These insecticides were selected because they were either the subject of an ATSDR
Toxicological Profile, had a reference dose (RfD) on the EPA Integrated Risk Information System (IRIS
2013), or were included in the EPA OPP cumulative risk assessments for these classes of insecticides
(EPA 2006, 2007b, 2011a). Searches were not restricted with regard to toxic end point (even though this

profile is focused on neurological end points) or route of exposure.
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Table 1. List of Pyrethroid, Organophosphorus, and Carbamate Insecticides That

are the Focus of the Literature Search for This Profile

Chemical CAS Number RfDon IRIS ATSDR MRL OPP RPF
Pyrethroid insecticides
Allethrin 584-79-2 No No Yes
Bifenthrin 82657-04-3 Yes No Yes
Cyfluthrin (Baythroid) 68359-37-5 Yes No Yes
Cyhalothrin 68085-85-8 or Yes Oral Yes
91465-08-6
(lambda)
Cypermethrin 52315-07-8 Yes Oral Yes
Cyphenothrin 39515-40-7 No No Yes
Deltamethrin 52918-63-5 No No Yes
Esfenvalerate 66230-04-4 No No Yes
Fenpropathrin (Danitol) 39515-41-8 Yes No Yes
Fenvalerate (Pydrin) 51630-58-1 Yes No No
Fluvalinate 69409-94-5 Yes No No
Imiprothrin 72963-72-5 No No Yes
Permethrin 52645-53-1 Yes Oral Yes
Resmethrin 10453-86-8 Yes No Yes
Tau-fluvalinate 102851-06-9 No No Yes
Tralomethrin 66841-25-6 Yes No No
Organophosphorus insecticides

Acephate 30560-19-1 Yes No Yes
Azinphos-methyl (guthion) 86-50-0 No Inhalation, oral Yes
Bensulide 741-58-2 No No Yes
Chlorethoxyfos 54593-83-8 No No Yes
Chlorfenvinphos 470-90-6 No Oral No
Chlorpyrifos 2921-88-2 Yes Oral Yes
Diazinon 333-41-5 No Inhalation, oral Yes
Dichlorvos (DDVP) 62-73-7 Yes Inhalation, oral Yes
Dicrotophos (bidrin) 141-66-2 Yes No Yes
Dimethoate 60-51-5 Yes No Yes
Disulfoton 298-04-4 Yes Inhalation, oral Yes
Ethion 563-12-2 Yes Oral No
Ethoprop 13194-48-4 No No Yes
Fenamiphos 22224-92-6 Yes No Yes
Fenthion 55-38-9 No No Yes
Fosthiazate 98886-44-3 No No Yes
Malathion 121-75-5 Yes Inhalation, oral Yes
Methamidophos 10265-92-6 Yes No Yes
Methidathion 950-37-8 Yes No Yes
Methyl-parathion 298-00-0 Yes Oral Yes
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Table 1. List of Pyrethroid, Organophosphorus, and Carbamate Insecticides That

are the Focus of the Literature Search for This Profile

Chemical CAS Number RfDon IRIS ATSDR MRL OPP RPF
Mevinphos 7786-34-7 No No Yes
Naled 300-76-5 Yes No Yes
Omethoate 1113-02-6 No No Yes
Oxydemeton-methyl 301-12-2 No No Yes
Phorate 298-02-2 No No Yes
Phosalone 2310-17-0 Yes No Yes
Phosmet 732-11-6 Yes No Yes
Phostebupirim 96182-53-5 No No Yes
Pirimiphos-methyl 29232-93-7 Yes No Yes
Profenofos 41198-08-7 No No Yes
Terbufos 13071-79-9 No No Yes
Tetrachlorvinphos 961-11-5, Yes No Yes
22248-79-9
Tribufos (merphos oxide) 78-48-8 Yes No Yes
Trichlorfon 52-68-6 No No Yes
Carbamate insecticides
Aldicarb 116-06-3 Yes No Yes
Aldicarb sulfone 1646-88-4 No No Yes
Aldicarb sulfoxide 1646-87-3 No No Yes
Carbaryl 63-25-2 Yes No Yes
Carbofuran 1563-66-2 Yes No Yes
Formetanate hydrochloride 23422-53-9 No No Yes
3-Hydroxycarbofuran 16655-82-6 No No Yes
5-Hydroxycarbofuran Not on CHEMIDplus No No Yes
Methiocarb 2032-65-7 No No Yes
Methomyl 16752-77-5 Yes No Yes
Oxamyl 23135-22-0 Yes No Yes
Pirimicarb 23103-98-2 No No Yes
Propoxur (Baygon) 114-26-1 Yes No Yes
Thiodicarb 59669-26-0 No No Yes

ATSDR = Agency for Toxic Substances and Disease Registry; CAS = Chemical Abstracts Service; EPA = U.S.
Environmental Protection Agency; IRIS = Integrated Risk Information System; MRL = Minimal Risk Level; OPP = U.S.
EPA Office of Pesticide Programs; RfD = reference dose; RPF = relative potency factor

***DRAFT FOR PUBLIC COMMENT***












(2012). Wolansky et al. (2009), however, did point out several areas of uncertainty associated with such
use, including whether dose additivity will predict responses to mixtures with a smaller number of
pyrethroids or different ratios and whether differences in exposure would influence dose additivity (e.g.,
rats were exposed acutely by gavage, whereas humans are likely exposed dermally and via the diet). The
recent EPA (2011a) cumulative risk assessment for pyrethroid insecticides is based on the assessment that
pyrethroids represent a common mechanism of toxicity group and the assumption of dose additivity.

EPA (2011a) concluded that dose addition is a reasonable approach for estimating cumulative risk of
exposures to mixtures of pyrethroids and that current data do not provide a sufficient basis to depart from

dose additivity.

2.2.2 MIXTURES OF ORGANOPHOSPHORUS INSECTICIDES

PBPK/PD models for the organophosphorus insecticide, chlorpyrifos, in rats and humans have been
developed as a starting point in the development of future models than can be used to better understand
mixtures of organophosphorus insecticides, mixtures of organophosphorus and carbamate insecticides,
and the nature of possible interactions between members of these two classes of ChE-inhibiting
insecticides (Timchalk 2006; Timchalk et al. 2002). A limited number of PBPK/PD models for other
single organophosphate insecticides or nerve agents have also been developed (see Timchalk et al. 2002
for review). The models reflect the understanding that the balance between activation of most
organophosphorus insecticides to reactive intermediates (e.g., formation of chlorpyrifos-oxon via
cytochrome P450 [CYP]) and multiple detoxification pathways (e.g., dealkylation or dearylation of parent
compounds via CYP isozymes, phosphorylation by parent compounds of B-esterases, and hydrolysis of
chlorpyrifos-oxon by A-esterases) is critical to the expression of neurological effects mediated via the
inhibition of ChE in nerve tissues. The current understanding of the complexity of this balance indicates
that there are multiple potential sites of pharmacokinetic interactions, as well as pharmacodynamic sites
of interaction, which can influence toxicological outcomes (i.e., neurological outcomes) with exposure to
mixtures of organophosphorus insecticides. As such, knowing about possible interactions at one

pharmacokinetic site will not necessarily be predictive of the toxicological outcome.

Based on the above models for individual chemicals, a PBPK model was developed for the binary
mixture of chlorpyrifos and diazinon (Timchalk and Poet 2008). Each insecticide inhibited the other’s
metabolism in in vitro experiments in a dose-dependent manner; the pharmacokinetics of the interaction
was linear. The interaction reflecting the ChE inhibition was dose-additive and the authors postulated that

this type of outcome is most likely to occur in occupational and environmental exposure settings.
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To generate data useful for the development of PBPK/PD models for mixtures of organophosphorus
insecticides, pharmacokinetic end points (time course of blood levels of parent compounds) and
pharmacodynamic end points (ChE activities in plasma, red blood cells [RBCs], and brain) were
evaluated in male Sprague-Dawley rats following oral administration of single doses of chlorpyrifos or
diazinon alone (0, 15, 30, or 60 mg/kg) or mixtures of chlorpyrifos and diazinon (0, 15/15, 30/30, or
60/60 mg/kg) (Timchalk et al. 2005). At the low dose of the mixture (15/15 mg/kg), pharmacokinetic end
points for the components were not influenced, but the high dose (60/60 mg/kg) resulted in increased Crax
and area under the curve and decreased clearance for both parent compounds. Timchalk et al. (2005)
suggested that these results are consistent with dose-dependent competition between chlorpyrifos and
diazinon for CYP metabolism and that these pharmacokinetic interactions will not occur at
environmentally relevant low doses. Dose-dependent inhibitions of plasma, RBC, and brain ChE were
observed with the individual insecticides and the mixture, but statistical determinations of additive,
greater-than-additive, or less-than-additive effects on these pharmacodynamic end points were not

conducted.

Greater-than-additive interactions among organophosphorus compounds in inducing lethality have been
demonstrated in a number of animal studies (for reviews, see Moser et al. 2005; Padilla 2006). For
example, early animal studies showed that there was a marked greater-than-additive interaction between
O-ethyl O-(4-nitrophenyl) phenyl phosphonothioate (EPN) and malathion (Murphy and DuBois 1957,
Seume and O’Brien 1960) and between EPN and O, O,-dimethyl S-(N-ethyl carbamoyl )methyl)
phosphorodithioate (CL 18706) (Seume and O’Brien 1960). Subsequent research showed that: (1) EPN
inhibited the detoxifying hydrolysis of malathion by carboxylesterases; (2) other organophosphorus
compounds that inhibited carboxylesterase-mediated detoxification potentiated lethality of other
organophosphorus compounds; and (3) the carboxylesterase inhibition by EPN and other
organophosphorus compounds does not totally explain the potentiation (see Moser et al. 2005; Padilla
2006).

It is unclear from available research whether greater-than-additive interactions among organophosphorus
insecticides may represent special cases only involving certain compounds at doses associated with
lethality. An investigation of 43 pairs of organophosphorus insecticides, using a dose-additive
experimental design and high dose levels that produced lethality in female rats as the end point, revealed
that 21 pairs showed additive effects, 18 pairs showed less-than-additive effects, and only 4 pairs (3/4 of

these pairs contained malathion) showed greater-than-additive effects (DuBois 1961, as cited in Padilla
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2006). These results suggest that greater-than-additive interactions among organophosphorus insecticides

are special cases.

In contrast, a study using a statistical design to evaluate dose additivity, demonstrated greater-than-
additive effects on several neurological end points (blood and brain ChE inhibition, motor activity, and
gait score, but not in a tail pinch response end point) in male Long-Evans rats orally exposed to either a
mixture of five organophosphorus insecticides (chlorpyrifos, diazinon, dimethoate, acephate, and
malathion) or a four-component mixture with all of the same insecticides, except malathion (Moser et al.
2005). The relative proportions of the insecticides in the mixtures were similar to those estimated in the
U.S. diet. Comparison of predicted (using a dose-additive model based on dose-response relationships for
the individual components) and empirical ED2 and EDso values for the mixtures on the affected end
points indicated that the greater-than-additive effects were small, about 1.2-2.1-fold in magnitude (Moser
et al. 2005). In a follow-up study, the organophosphorus insecticides were tested in preweanling rats
(Moser et al. 2006). The study used the same chemicals as the previous one in the mixture and the same
design (full ray or restricted ray without malathion). Greater-than-additivity (synergism) interaction was
reported for neurological end points in preweanling rats. For the full ray mixture, the changes ranged
from 2- to 3-fold in magnitude. The departure from additivity was also observed for all but two end
points following the treatment with a reduced ray mixture. Thus, the results showing greater-than-

additivity can only partially be attributed to the malathion in the mixture.

The EPA (2006) cumulative risk assessment for organophosphorus insecticides is based on the
assessment that organophosphorus insecticides represent a common mechanism of toxicity group and the
assumption of dose additivity. EPA concluded that dose addition is a reasonable approach for estimating
cumulative risk of exposures to mixtures of organophosphorus insecticides and that current data do not
provide a sufficient basis to depart from dose additivity. The conclusion was based on an evaluation of
the available data, including those illustrating the complexity of biotransformation of organophosphorus
insecticides, the recent pharmacokinetic studies by Timchalk et al. (2005) with chlorpyrifos and diazinon,
the cases of potentiation of organophosphorus insecticide lethality by certain organophosphorus
compounds (e.g., Dubois 1961), and the Moser et al. (2005) report of small (1.2-2-fold), greater-than-
additive effects on neurological end points in rats from a four- or five-component mixture of

organophosphorus insecticides.
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2.2.3 MIXTURES OF CARBAMATE INSECTICIDES

PBPK/PD models for mixtures of carbamate insecticides are not available, but models exist for single
carbamates. A PBPK model was developed to characterize ChE inhibition following carbofuran exposure
in rats (Zhang et al. 2007). Oral doses of 50 ug/kg and 0.5 mg/kg carbofuran were simulated for the
blood and brain ChE activity (exposure-related dose estimating model [ERDEM]). The model parameters
were based on the open literature data. Another PBPK model was developed to illustrate the tissue
dosimetry of carbaryl and its metabolites and to predict the carbaryl-induced inhibition of cholinesterase
inhibition (Nong et al. 2008). In support of the model, Kinetic studies (with radioactive tracer) were done

in rats exposed orally or intravenously to doses of carbaryl ranging from 0.8 to 9.2 mg/kg.

Data regarding health or pharmacokinetic end points in humans or animals exposed to mixtures of
carbamate insecticides are scarce, but there are indications that greater-than-additive effects on ChE
inhibition do not occur and that dose additivity is an appropriate approach to assessing the neurological

effects of mixtures of N-methyl carbamate insecticides via ChE inhibition.

In an in vitro study using a ChE biosensor to measure ChE-inhibiting potencies of three carbamate
insecticides (aldicarb, carbaryl, and carbofuran) and binary mixtures (aldicarb + carbofuran,

aldicarb + carbaryl), the responses to the mixtures were reported to be less than was predicted from the
single compounds, but a statistical analysis was not clearly described in the report (Kok and Hasirici
2004).

EPA scientists characterized dose-response relationships for motor activity and RBC and brain ChE
inhibition in adult rats exposed to seven carbamate insecticides alone (carbaryl, carbofuran, formetanate
HCI, methiocarb, methomyl, oxamyl, or propoxur) or a seven-component mixture. The composition of
the mixture was designed to deliver equipotent contributions to brain ChE inhibition from each of the
components and dose levels of the mixture were expected to produce <5, 10, 25, 45, and 60% inhibition
of brain ChE based on dose additivity. Portions of the study have been published (McDaniel et al. 2007;
Padilla et al. 2007) or presented at scientific meetings (Padilla et al. 2005, 2006), but an abbreviated
account of the dose additivity assessment results is currently available only in the EPA (2007b) Revised
N-methyl Carbamate Cumulative Risk Assessment. Increasing doses of the mixture produced increasing
decrements in RBC and brain ChE, as well as in alterations of motor activity. EPA (2007b) presented a
figure showing that the 95% confidence intervals for predicted values of brain ChE activities (from a

dose-additivity model) overlapped with empirical values, indicating that dose additivity provided an
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adequate description of the rat brain ChE inhibition response to the mixture. EPA (2007b) also reported
that dose additivity provided adequate predictions of the RBC and motor activity responses to the

mixture.

EPA’s (2007b) overall conclusion for the N-methyl carbamate cumulative risk assessment was that these
chemicals represented a common mechanism of toxicity group and that dose addition is a “reasonable and
appropriate approach for estimating the cumulative risk associated with joint exposure to the NMC

(N-methyl carbamate) common mechanism group.”

Mwanza et al. (2012) examined the effects of carbaryl and propoxur, singly and in a 1:1.45 mixture, on
brain ChE activity and the duration of photic after discharge (PhAD) of flash-evoked potentials in Long-
Evans rats exposed to single doses (0, 3, 10, 45, or 75 mg/kg) or 14 daily doses (0, 3, 10, 30, or

45 mg/kg/day) of the mixture. Acute and repeated exposures to the mixture showed similar dose-
response relationships for both PhAD duration and brain ChE. Measured PhAD durations were not
significantly different from PhAD durations predicted by a dose-addition model constructed from single-
chemical data. Measured brain ChE activities following the repeated exposure scenario were greater than
brain ChE activities predicted by a dose addition model by 15.5, 10.6, and 5.8% at the 3, 10, and

30 mg/kg/day dosages, suggesting less-than-additive action. Mwanza et al. (2012) concluded that the
results are consistent with minimal concern for non-additive actions between carbamates in human health
risk assessment because the observed deviations from dose additivity were small and the dosages used in

these studies are greater than anticipated human exposures.

2.2.4 PYRETHROID and ORGANOPHOSPHORUS INSECTICIDES

Intraperitoneal administration of certain organophosphorus compounds to mice has been shown to inhibit
liver carboxylesterases that hydrolyze the pyrethroid, trans-permethrin (Gaughan et al. 1980). Effective
organophosphorus compounds included profenofos, sulprofos, EPN, and S,S,S-tributyl phosphorotri-
thioate (DEF). Other organophosphorus (monocrotophos, azinphosmethyl, methyl parathion, acephate)
and carbamate (carbaryl, methomyl, and chlordimeform) insecticides were much less active as inhibitors
of mouse liver carboxylase. Intraperitoneal administration of profenophos, EPN, or DEF at 25 mg/kg,

1 hour before intraperitoneal administration of the pyrethroid, fenvalerate, lowered the apparent mouse
lethal dose (LD)so value for fenvalerate by more than 25-fold. A similar treatment lowered the apparent
mouse LDs value for malathion (an organophosphorus insecticide) by 5-9-fold, depending on the

organophosphorus compound, but did not alter the mouse LDsg value for trans-permethrin. The results
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suggest that certain organophosphorus compounds inhibit carboxylesterases (e.g., EPN, but not acephate)
and that this can potentiate the acute lethality of certain pyrethroid insecticides (e.g., fenvalerate, but not

trans-permethrin).

Choi et al. (2004) examined the ability of chlorpyrifos (an organophosphorus insecticide), and its major
metabolite (chlorpyrifos-oxon) to inhibit the in vitro hydrolysis of trans-permethrin by human liver
microsomes, presumably via carboxylesterases. Chlorpyrifos did not influence the trans-permethrin
hydrolysis activity of human liver microsomes, but chlorpyrifos oxon significantly inhibited trans-

permethrin hydrolysis.

Concurrent dermal exposure of male Wistar rats to a commercial formulation of an organophosphorus
insecticide, methyl parathion, at nonlethal doses lowered the subcutaneous LDs, value for a commercial
formulation of permethrin, providing some evidence for a greater-than-additive effect of methyl parathion
on the acute lethality of permethrin (Ortiz et al. 1995). LDjo and LDso values were determined for dermal
exposure to methyl parathion alone (506 and 566 mg methyl parathion/kg, respectively) and subcutaneous
exposure to permethrin alone (3,533 and 7,832 mg permethrin/kg respectively), and LDso values for
permethrin were determined for co-exposures to subcutaneous doses of permethrin with nonlethal dermal
doses of methyl parathion at 380 mg/kg methyl parathion (LDso=7,146 mg permethrin/kg) or 464 mg/kg
methyl parathion (LDso=4,981 mg permethrin/kg). The authors proposed that the apparent potentiation of
permethrin lethality might have been due to the inhibition by methyl parathion or its reactive metabolite,

methyl paraoxon, of detoxifying hydrolysis of permethrin by carboxylesterases.

A greater-than-additive interaction between the pyrethroid insecticide, esfenvalerate, and the organo-
phosphorus insecticide, diazinon, was reported in a 96-hour LCs study of larval fathead minnows in
static-renewal tests at test concentrations ranging from 2,000 to 12,000 pg/L for diazinon alone, from

0.1 to 0.3 pg/L esfenvalerate alone, or equitoxic concentrations of the two insecticides at 5, 10, 25, 50, or
100% of their respective published LCs values (Denton et al. 2003). In three replicate tests, the predicted
LCso values of the mixture were less than the measured LCso values predicted by additivity (diazinon
LC50 intests 1, 2, and 3: 6.393, 5.048, and 7.969 ug/L; esfenvalerate LC50 values: 0.18, 0.22, and 0.22
Mg/L, esfenvalerate and diazinon mixture LC50(%): 24.8, 28.8, 37.9) , indicative of a greater-than-
additive interaction. An “interactive ratio” (IR) was calculated as the measured toxic unit of the
combination divided by the predicted toxic unit of diazinon plus the predicted toxic unit of esfenvalerate.
Deviations in the IR values from 1 were taken as indicators of greater-than-additive action when the IR

was >1 and less-than-additive action when the IR was <1. IR values for the three tests were 1.7, 1.4, and
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and pyrethroid insecticides. The default FQPA factor of 10 was replaced with chemical-specific FQPA
factors for 9 of the 13 carbamates assessed (see Table C-2 in Appendix C) and for 10 of the

33 organophosphorus insecticides assessed (see Table B-4 in Appendix B). For pyrethroids, the default
10 safety factor was replaced with a 3 safety factor for children from birth to <6 years of age (see
Appendix A.2). Therefore, to provide additional protection for infants and children, the concentrations of
the individual carbamates, organophosphorus, or pyrethroid insecticides in the media of concern could be
multiplied by the chemical-specific RPF values and appropriate FQPA factors before summing and

converting to intakes of index chemical equivalents.

ATSDR recommends the calculation of a screening-level HI for assessing neurological effects from oral
exposures to mixtures of pyrethroid, organophosphorus, and carbamate insecticides under the assumption
of dose additivity. The HI for neurological effects from oral exposure to a mixture of pyrethroid,

organophosphorus, and carbamate insecticides would be calculated as follows:

onamyl equiv Emethamidophos equiv Edeltamethrin

HINeurolo ic —
gic
MRLoxamyl MRLmethamidophos MRLdeltamethrin

where E = estimated oral intake in units of mg/kg/day. Modification of the intakes with FQPA factors

can provide HIs providing additional protection for infants and children.

Preliminary evidence that the exposure to the mixture may constitute a hazard is provided when the HlI
exceeds 1. In practice, concern for the possibility of a health hazard increases with increasing value of the
HI above 1.

The addition of HQs assumes that less-than-additive (e.g., antagonistic or inhibitory) or greater-than-
additive (e.g., synergistic or potentiating) interactions do not occur among the components of the mixture.
As discussed in Sections 2.2 and 2.3, greater-than-additive action on neurological end points is possible
between certain pyrethroid and organophosphorus insecticides (Tables 3 and 4), the available data are
inadequate to assess the possible direction of interactions between pyrethroids and carbamates (Tables 5
and 6), and available data support dose additivity of carbamate and organophosphorus insecticides on
neurological end points (Tables 7 and 8). Overall, the evidence is not compelling to move from a dose-
additive approach. ATSDR recommends that screening-level assessments of neurological hazard using
the HI approach be accompanied by qualitative descriptions of these evaluations of the available
interaction data. The evaluations indicate that evidence is available for greater-than-additive interactions
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between certain pyrethroid and organophosphorus insecticides, but key findings come from a study of
potentiation of fenvalerate lethality in rats pretreated with certain organophosphorus insecticides
(Gaughan et al. 1980). The relevance of these findings to relatively low (nonlethal) environmental
concurrent exposure to pyrethroid and organophosphorus insecticides is not well understood. No
evidence of a toxicokinetic interaction was found in a study of elimination kinetics of pyrethroid
metabolites in volunteers exposed to a mixture of low doses (0.01 mg/kg) of deltamethrin and
chlorpyrifos-methyl (Sams and Jones 2011). These findings reflect the uncertainty that greater-than-
additive joint actions between pyrethroid and organophosphorus insecticides may occur in humans

exposed to levels of these insecticides in food.

Data Needs for Assessing Joint Toxic Actions of Pyrethroid, Organophosphorus, and Carbamate
Insecticides. Although there are PBPK models for some individual chemicals within these three classes
of insecticides, there are no “interaction” PBPK models like those that exist for benzene, toluene,
ethylbenzene, and xylene (BTEX) and certain other volatile organic chemicals (e.g., see ATSDR
Interaction Profile for BTEX; ATSDR 2004b). Before such models can be developed, pharmacokinetic
or pharmacodynamic points of interactions between members of the subject classes must first be
identified. To date, no common points of pharmacokinetic or pharmacodynamic interaction have been
clearly identified, other than ChE inhibition for carbamate and organophosphorus insecticides. Possible
points of interaction including various steps in biotransformation, but the understanding of the complexity
of biotransformations for these insecticide classes is too limited to identify key interaction events. With
the identification of a common point of pharmacokinetic or pharmacodynamic interaction, it would be
possible to design the additional studies needed to develop an “interaction” PBPK model for members of
these insecticide classes. Following identification of common points of pharmacokinetic interaction, in
vivo studies could be conducted to examine the kinetics of internal concentrations of the parent chemicals
of concern and their metabolites following co-exposure, comparing results to exposure to each component

alone.

Neurodevelopmental effects from exposure to insecticides is of concern to public health because of the
likelihood of exposure to mixtures of insecticides in food, but adequate research to establish these types
of neurological effects as hazards is not available for most members of each of the subject classes of
insecticides (see Appendices A-C). With the possible future identification of neurodevelopment effects
as hazards from several members in each class, additional research on possible interactions of these
insecticides and the impact of the interactions on neurodevelopmental end points would help to decrease

uncertainties in the current approach to assessing only short-term neurological human health hazards.
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4. Conclusions

ATSDR recommends a component-based HI approach that assumes dose-additive joint toxic action for
preliminary assessment of possible neurological health hazards from oral exposure to mixtures of
pyrethroid, organophosphorus, and carbamate insecticides. No studies were located that examined
neurological end points following exposure to any mixtures of members of all three of these insecticide
classes, thereby precluding the derivation of any “whole mixture” MRLs. Acute neurological effects are
expected from all three classes of insecticides albeit through different mechanisms of action: (1)
alteration of VGSCs by pyrethroids, predominantly via parent compounds; (2) irreversible ChE inhibition
by organophosphorus insecticides or their metabolites; and (3) reversible ChE inhibition by carbamate
insecticides, predominantly via parent compounds. The common general toxicity target shared by all
members of each of these insecticide classes supports the use of a component-based HI approach as a

reasonable and practical strategy for addressing public health concerns.

On the basis of the existing data presented in Section 2.2 and summarized and evaluated in the BINWOE
tables presented in Section 2.3, ATSDR recommends that the default assumption of dose-additive action
at shared targets of toxicity (i.e., effects on neurological end points) be used for screening-level
assessments of the potential adverse neurological outcomes from concurrent oral exposures to mixtures of
pyrethroid, organophosphorus and carbamate insecticides. For each insecticide class, ATSDR
recommends a RPF approach using RPFs derived by the EPA OPP (EPA 2006, 2007b, 2011b) and
provisional oral MRLs for index chemicals of each class (Section 3). The HI for neurological effects
would be calculated as the sum of class-specific HQs of estimated intakes of index chemical divided by
provisional oral MRLs for the index chemical. When the screening assessment indicates a potential
hazard (concern increases as the HI increases beyond a value of 1), further evaluation is needed including
1) further refined cumulative risk assessment methods, 2) the use of biomedical judgment, 3) community-
specific health outcome data, and 4) taking into account community health concerns.

ATSDR recommends that screening-level assessments of neurological hazard using the HI approach be

accompanied by qualitative descriptions of weight-of-evidence evaluations of available interaction data:

1. greater-than-additive action on neurological end points is possible between certain

pyrethroid and organophosphorus insecticides;
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the available data are inadequate to assess the possible direction of interactions between

pyrethroids and carbamates; and

limited available data support dose additivity of carbamate and organophosphorus

insecticides on neurological end points.

Overall, the evidence is not compelling to move from a dose-additive approach. The evaluations indicate

that greater-than-additive interactions between certain pyrethroid and organophosphorus insecticides are

possible, but key findings come from a study of potentiation of fenvalerate lethality in rats pretreated with

certain organophosphorus insecticides (Gaughan et al. 1980). The relevance of these findings to

relatively low (nonlethal) environmental concurrent exposure to pyrethroid and organophosphorus

insecticides is not well understood.

Table 10. Interactions/Mixtures Terminology

Interaction

Additivity

No apparent
influence

Synergism

Potentiation

Antagonism

Inhibition

Masking

When the effect of a mixture is different from the expectation of additivity based on the
dose-response relationships of the individual components.

When the effect of the mixture can be estimated from the sum of the exposure levels
(weighted for potency in dose or concentration additivity) or the probabilities of effect
(response additivity) of the individual components.

When a component that is not toxic to a particular biological system does not influence the
toxicity of a second component on that system.

When the effect of a mixture is greater than that estimated by additivity. Synergism is
defined in the context of the definition of no interaction, which is usually dose additivity or
response additivity. The use of “greater-than-additive” is preferred over the use of the term
synergism.

When a component that is not toxic to a particular biological system increases the effect of
a second chemical on that system.

When the effect of a mixture is less than that estimated by additivity. Antagonism is
defined in the context of the definition of no interaction, which is usually dose additivity or
response additivity. The use of “less-than-additive” is preferred over the use of the term
antagonism.

When a component that does not have a toxic effect on a particular biological system
decreases the apparent effect of a second chemical on that organ system.

When the components produce opposite or functionally competing effects on the same
biological system, and diminish the effects of each other, or one overrides the effect of the
other.
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Appendix A: Background Information for Pyrethroids

Pyrethroids are manufactured insecticides that are similar in chemical structure to pyrethrins, naturally
occurring chemicals found in certain chrysanthemum flowers (ATSDR 2003a). The pyrethroids are more
photostable than pyrethrins and are widely used in agriculture and in medical and veterinary products
(EPA 2011a). In the 1990s, permethrin was the most frequently used pyrethroid in U.S. agricultural crop
production, representing about 40% of the amount of pyrethroids applied to U.S. crops in this period
(about 2.5 million pounds total pyrethroids per year; ATSDR 2003a). It has been estimated that
pyrethroids account for about 25% of the recent global insecticide market (Costa 2008; Soderlund et al.
2002).

A.1 Toxicokinetics

Based on studies in humans and animals, pyrethroids are expected to be absorbed via the oral, inhalation,
and dermal routes of exposure (ATSDR 2003a). Following absorption, pyrethroids are rapidly and
widely distributed to tissues, including central and peripheral nerve tissues (ATSDR 2003a).
Biotransformation of pyrethroids involves the hydrolytic cleavage of the central ester bond catalyzed by
carboxylesterases to yield carboxylic acid derivatives and phenoxybenzoic acid derivatives and oxidation
of alcohol groups by CYP oxygenases (ATSDR 2003a; Costa 2008). For most pyrethroids, hydrolytic
and oxidative metabolic transformations represent detoxification processes. Inhibitors of CYP and
carboxylesterases enhance the toxicity of pyrethroids, and piperonyl butoxide (a CYP inhibitor)
consequently is a component of many commercial pyrethroid formulations (Costa 2008). Results from
animal studies indicate that pyrethroids are eliminated from the body within 4-12 days following oral
exposure via urinary excretion of metabolites and fecal excretion of parent compounds and metabolites
(ATSDR 2003a).

A.2 Health Effects

Neurological effects are the principal effects associated with exposure to pyrethroids (ATSDR 2003a;
EPA 2011a). Pyrethroid insecticides act by interfering with the function of voltage-gated sodium
channels (VGSCs) in nerve cells, producing whole-body tremors associated with coma or seizures and
death in mammals with acute exposure to high doses (ATSDR 2003a; EPA 2011a). Modification of the
kinetics of VGSC activation and inactivation are thought to underlie acute clinical signs of pyrethroid
neurotoxicity (EPA 2011a, 2011b). At nonlethal doses of pyrethroids, acute- and intermediate-duration

studies with animals have reported signs of neurological impairment including increased excitability and
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aggressiveness, decreased grip strength and motor activity, and altered gait in rats given single doses of
pyrethroids or repeatedly exposed to permethrin in the diet, and diarrhea in dogs given cyhalothrin in
gelatin capsules daily for 26 weeks (ATSDR 2003a). Two types of pyrethroids are recognized based on
syndromes of toxic signs observed in acutely exposed rats (ATSDR 2003a; EPA 2011a; Ray and Fry
2006; Soderlund et al. 2002). Both types have an acid and an alcohol structural moiety. Type Il
pyrethroids typically have a cyano substituent attached to the alpha carbon of the alcohol moiety, Type |
pyrethroids do not (EPA 2011a). Type | pyrethroids (also known as “T” pyrethroids; e.g., bifenthrin,
permethrin, resmethrin) produce marked behavioral arousal, aggressive sparring, increased startle
response, and tremors progressing from fine to whole-body tremors and prostration (ATSDR 2003a; EPA
2011a; Ray and Fry 2006; Soderlund et al. 2002). Type Il pyrethroids (also known as “CS” pyrethroids;
e.g., cyfluthrin, cyhalothrin, cypermethrin, fenvalerate, fluvalinate, tralomethrin) produce salivation and
coarse tremors progressing to choreoathetosis and clonic seizures. Some pyrethroids (cyphenothrin,
flucythrinate, esfenvalerate, and fenpropathrin) produce a mixture of the signs assigned to the two
syndromes (ATSDR 2003a; EPA 2011a; Ray and Fry 2006; Soderlund et al. 2002).

Standard developmental toxicity and reproductive toxicity tests in animals orally exposed to pyrethroids
have found no consistent evidence for developmental toxicity or reproductive toxicity (ATSDR 2003a;
EPA 2011a). EPA (2011a) reported the absence of prenatal sensitivity in 76 guideline studies submitted
to EPA for 24 pyrethroids. ATSDR (2003a) evaluated developmental toxicity tests with permethrin and
resmethrin and reproductive toxicity tests with cyhalothrin, cypermethrin, and resmethrin.
Neurodevelopmental effects have not been consistently associated with oral exposure of rodents orally
exposed to pyrethroids (bioallethrin or deltamethrin) during neonatal stages of development (ATSDR
20033a; Costa 2008). However, in its cumulative risk assessment for pyrethroids (see next paragraph),
EPA (2011a, 2011c) used a 3X safety factor for childhood exposures from birth to <6 years of age based
on: (1) rat PBPK model predictions of a 3-fold increase in pyrethroid concentrations in juvenile brains,

compared with adult brains; (2) similar in vivo and in vitro pharmacodynamic responses to pyrethroids in
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juvenile and adult rats; and (3) evidence that rat VGSCs are more sensitive to pyrethroids than

homologous human isoforms.

The EPA (2011a) OPP conducted a cumulative risk assessment for 16 pyrethrin/pyrethroid insecticides.

The assessment used:

1. 24-hour exposure estimates for the general human population to 13-15 pyrethroids by three

exposure pathways (food, water, and residential use);

2. arelative potency approach using neurobehavioral data in rats exposed to multiple gavage dose
levels of each of 16 pyrethroids (including deltamethrin, the index chemical) to estimate doses

expected to be without risk for acute neurobehavioral effects in humans;

3. amargin-of-exposure (MOE) analysis using a target MOE of 100 for adults (10 each for inter-
and intra-species variability) and 300 for children (3 for a FQPA safety factor and 10 each for
inter- and intra-species variability) and a POD for deltamethrin of 11 mg/kg/day.

The POD was the BMDLy for incidence of rats with a composite score for acute clinical signs of
neurological impairment based on measures of body temperature, tremors, clonic convulsions, salivation,
and mobility. The EPA (2011a, 2011c) determined that the 10X FQPA safety factor would be reduced to
1X for all populations >6 years of age, including women of child-bearing age, based on the absence of
pre-natal sensitivity in 76 guideline studies submitted to EPA for 24 pyrethroids. EPA retained a 3X
safety factor for exposures from birth to <6 years of age, based on the reasons described in the previous
paragraph.

Relative potencies derived by EPA (2011a) for pyrethroids are listed in Table A-1. Deltamethrin was
selected as the index chemical, because it had one of the most robust databases of guideline and literature
toxicity studies among the evaluated pyrethroids, and it was tested with three dose levels in the principal
studies (Herberth 2010, as cited in EPA 2011a; Weiner et al. 2009), compared with two dose levels for
the other candidate index chemical, permethrin (EPA 2011a). For food and water dietary exposure to
deltamethrin equivalents, the MOE for the general population was 4,700, indicating no risk of concern.
Analyses for age-related subgroups indicated that the MOE of highest concern, 2,000, was for infants

<1 year old, but this value is also indicative of no risk of concern. For residential use of pyrethroid
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insecticides involving dermal and inhalation exposure, MOEs ranged for 3,000 to 240,000 for dermal
exposures and from 130,000 to 10,000,000 for inhalation exposures.

The EPA IRIS files (IRIS 2013) present abbreviated summaries of results from unpublished animal

toxicity tests and derived oral RfDs for 10 pyrethroids, but these files do not reflect the updated toxicity
assessment conducted by the U.S. EPA OPP (EPA 2011a).
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Table A-1. Relative Potency Estimates for Pyrethroids Included in the U.S. EPA
(2011a) Screening-Level Cumulative Risk Assessment

Pyrethroid Oral BMD2o Oral RPF>¢
Allethrin 135 0.11
Bifenthrin 14.3 1.01
Cyfluthrin 12.6 1.15
Lambda-cyhalothrin 8.9 1.63
Cyphenothrin 1002 0.15
Cypermethrin 76.3 0.19
Deltamethrin® 14.5 1.0
Esfenvalerate 40.5 0.36
Fenpropathrin 29 0.50
Tau-fluvalinate 145 1.0
Imiprothrin 7502 0.02
Permethrin 156 0.09
Prallethrin 1502 0.1
Pyrethrins 8002 0.02
Resmethrin 291 0.05

aValues estimated from studies other than the principal study. All other BMD2o values were estimated using
benchmark dose (BMD) analyses of incidence data from the principal study of gavage-exposed rats. The incidences
were for composite scores >4 on a 4-12 composite score based on measures of body temperature, tremors, clonic
convulsions, salivation, and mobility.

bRPF = BMD2o of index chemical (deltamethrin) / BMD2o of subject chemical. For example, allethrin RPF =
14.5/135 = 0.11.

°RPFs for dermal and inhalation exposures were based on oral BMDs. Five percent absorption values were applied
to dermal assessments, and no adjustments were made when assessing inhalation exposures.

dChosen as the index chemical because it had the best dose-response data among candidate pyrethroids with
robust databases. The point of departure (POD) in the cumulative risk assessment was the BMDL2o value of

11 mg/kg/day for deltamethrin.

A.3 Mechanisms of Action

Neurotoxicity. Although mammals have been estimated to be about 3 orders of magnitude less sensitive
to pyrethroids than insects (due to faster metabolism, higher body temperatures, and lower sensitivity of
mammal, compared with insect, ion channel sites), the mode of action for pyrethroid neurotoxicity is
expected to be the same in insects and mammals (Ray and Fry 2006). Pyrethroids reversibly slow the
closing of sodium channel gates in nerve cells during the depolarizing phase of an action potential
(ATSDR 2003a; Costa 2008). This ability of pyrethroids has been proposed to involve pyrethroid
stimulation of protein phosphorylation (Ray and Fry 2006). Other molecular target sites have been
identified that may play roles in pyrethroid neurotoxicity including voltage-gated chloride channels,
GABA-gated chloride channels, noradrenaline release, and voltage-gated calcium channels (Ray and Fry
2006; Soderlund et al. 2002), but sodium channels appear to be the major target (Ray and Fry 2006). The
neuropotency of pyrethroids is influenced by the presence or absence of a cyano group in the alpha

position of the central ester bond (Type Il pyrethroids contain a cyano group) and stereochemical
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orientation (e.g., the 1R conformation is more potent than the 1S conformation in Type | pyrethroids)
(ATSDR 2003a; Costa 2008; EPA 20113, 2011b). Type I (“T”) and 1l (“CS”) pyrethroids have different
effects on the kinetics of the sodium channel opening and closing; these differences have been proposed
to be the basis of the differences observed in the “T” and “CS” syndromes of toxic signs (Ray and Fry
2006). Type Il pyrethroids cause a prolonged open state of the sodium channel, compared with Type |
pyrethroids (EPA 2011a, 2011b).

The identification of multiple molecular target sites for various pyrethroids and different effects on
VGSCs by Type | and I1 pyrethroids has led to uncertainty about whether pyrethroids represent a common
mechanism group of chemicals (Ray and Fry 2006; Soderlund et al. 2002). However, all tested
pyrethroids have been shown to affect the function of VGSCs (EPA 2011a, 2011b), and results from
studies of motor activity in rats (Wolansky et al. 2009) and sodium influx in cultured cerebrocortical
neurons (Cao et al. 2011) showed that actions of a mixture of 11 pyrethroids (that included both Type |
and Il pyrethroids) were consistent with a statistical model of dose additivity. Demonstration of dose
additivity is consistent with a common mechanism of action. Based on these and other findings, EPA
(20114, 2011b) concluded that all pyrethroids represent a common mechanism group of structurally
related chemicals that modify the kinetics of VGSCs leading to altered neuronal excitability and two

syndromes of clinical signs of neurotoxicity.

For most pyrethroids, metabolic transformations represent detoxification processes; inhibition of CYP-
and carboxylesterase-mediated metabolism is expected to enhance the toxicity of pyrethroids (Costa
2008). Evidence for a few pyrethroids indicates that neurotoxic action in mammals may involve
metabolites, but this evidence appears to be presently equivocal and in need of further confirmation (Ray
and Fry 2006). Neonatal rats have been reported to be 4-17 times more sensitive than adult rats to the
acute neurotoxicity of permethrin or cypermethrin (Ray and Fry 2006). Potential explanations for this
age-related susceptibility include lesser metabolic capacities in neonates and the existence of a specific
type of sodium channel in neonatal rats showing a higher binding affinity for saxitoxin (Ray and Fry
2006). EPA (2011a, 2011c) concluded that the increased sensitivity of neonates to pyrethroids was

attributable to increased pyrethroid concentrations in juvenile brains, compared with adult brains.

Neurodevelopmental Toxicity. Possible associations between oral exposure to pyrethroids and
neurodevelopmental effects are not clearly established. One group of investigators reported that oral
exposure of mice to bioallethrin or deltamethrin during early postnatal exposure (postnatal days

[PNDs] 6-10) caused increases in spontaneous activity behavior at 4 months of age with doses in the
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range of 0.21-0.7 mg/kg, and decreased spontaneous activity at 4 months of age with a neonatal exposure
to a higher dose level of 42 mg/kg; however, other investigators could not duplicate the findings of the
first group of investigators (ATSDR 2003a). Shafer et al. (2005) concluded that current evidence is
inadequate to establish neurodevelopmental toxicity as a possible human hazard associated with exposure
to pyrethroids (Shafer et al. 2005). Similarly, Ray and Fry (2006) concluded that observations of
developmental neurotoxic effects in animals repeatedly exposed to pyrethroids during neonatal periods
are in need of confirmation. However, EPA (2011a, 2011c) concluded, in its cumulative risk assessment
for pyrethroids, that there was sufficient evidence of increased juvenile sensitivity (due to
pharmacokinetic differences leading to increased brain concentrations in juveniles compared with adults)

to warrant using a 3 safety factor for children <6 years old.

Other Effects. Mode-of-action information on other effects found in studies of individual pyrethroids
(e.g., decreased body weight, diarrhea, and decreased pup survival; see ATSDR 2003a) was not located.
Some of these effects (e.g., decreased body weight, diarrhea) may be related to the actions of pyrethroids
on the sodium channels of nerve cells; the mode of action for decreased pup survival and liver

hypertrophy is unknown.

A.4 Health Guidelines

For oral exposure, ATSDR (2003a) derived acute-duration MRLs for permethrin, cypermethrin, and
cyhalothrin and intermediate-duration MRLs for permethrin and cyhalothrin. No chronic-duration oral
MRLs were derived for any pyrethroids, but, because no clinical signs of neurotoxicity were observed in a
2-year study of rats exposed to 1,000 ppm permethrin in the diet (at estimated doses of 40 mg/kg/day),
ATSDR (2003a) expected that the intermediate-duration oral MRL for permethrin would be protective for

a chronic duration of exposure.

ATSDR (2003a) derived an MRL of 0.1 mg/kg/day for acute-duration oral exposure to permethrin based
on a no-observed-adverse-effect level (NOAEL) of 25 mg/kg and a lowest-observed-adverse-effect level
(LOAEL) of 75 mg/kg for neurological impairment in rats given single doses of the chemical (increased
excitability and aggressiveness, abnormal motor movement, and decreased grip strength and motor
activity). This derivation used an uncertainty factor of 100 (10 for extrapolation from animals to humans

and 10 for human variability).
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ATSDR (2003a) derived an MRL of 0.02 mg/kg/day for acute-duration oral exposure to cypermethrin
based on a LOAEL of 20 mg/kg for neurological impairment in rats given single doses of the chemical
(altered gait and decreased motor activity). This derivation used an uncertainty factor of 1,000 (10 for the

lack of a NOAEL, 10 for extrapolation from animals to humans, and 10 for human variability).

ATSDR (2003a) derived an MRL of 0.01 mg/kg/day for acute-duration oral exposure to cyhalothrin
based on a NOAEL of 1 mg/kg/day and a LOAEL of 2.5 mg/kg/day for diarrhea in dogs given the
chemical daily in gelatin capsules for 26 weeks. This derivation used an uncertainty factor of 100 (10 for

extrapolation from animals to humans and 10 for human variability).

ATSDR (2003a) derived an MRL of 0.2 mg/kg/day for intermediate-duration oral exposure to permethrin
based on a NOAEL of 15.5 mg/kg/day and a LOAEL of 91.5 mg/kg/day for neurological impairment
(hindlimb splay) in rats given permethrin in the diet for 13 weeks. This derivation used an uncertainty

factor of 100 (10 for extrapolation from animals to humans and 10 for human variability).

ATSDR (2003a) derived an MRL of 0.01 mg/kg/day for intermediate-duration oral exposure to
cyhalothrin based on a NOAEL of 1 mg/kg/day and a LOAEL of 2.5 mg/kg/day for diarrhea in dogs
given the chemical daily in gelatin capsules for 26 weeks. As with the acute-duration MRL for
cyhalothrin, this derivation used an uncertainty factor of 100 (10 for extrapolation from animals to

humans and 10 for human variability).

In a cumulative risk assessment for pyrethroid insecticides, the U.S. EPA OPP (EPA 2011a) selected
deltamethrin as the index chemical in a relative potency approach that derived relative potency factors for
14 additional pyrethroids and a BMDL2, POD of 11 mg/kg/day for deltamethrin. The RPF values (listed
in Table A-1) were derived using benchmark dose (BMD) analyses of incidence data from the principal
studies of gavage exposed rats (Herberth 2010; Weiner et al. 2009). The incidences were for composite
scores >4 on a 4-12 scale, based on measures of body temperature, tremors, clonic convulsions,
salivation, and mobility. RfDs for 10 pyrethroids are still listed on EPA IRIS (IRIS 2013), but these
values do not represent the most up-to-date pyrethroid assessment by EPA (i.e., EPA 2011a). The 2011
EPA relative potency assessment has the advantage of being predominantly based on data collected from
a single laboratory, obviating the uncertainty from interlaboratory variability associated with subjectivity

in behavioral assessments and pharmacokinetic differences from different gavage vehicles and volumes.
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The International Agency for Research on Cancer (IARC 2012) classified deltamethrin, fenvalerate, and
permethrin in Cancer Group 3—Not classifiable as to its carcinogenicity to humans. IARC (2012) has
not evaluated the carcinogenic potential of other pyrethroids. The National Toxicology Program (NTP
2011), the EPA OPP (EPA 2011a), and the EPA IRIS program (IRIS 2013) have not formally evaluated

the evidence for the human carcinogenic potential of pyrethroid insecticides.

A.5 Derivation of Target-Organ Toxicity Dose (TTD) Values

The most clearly established end points of concern for pyrethroids are neurological effects mediated via
the slowing of sodium channels in nerve cells during action potentials (ATSDR 2003a; EPA 20114,
2011Db). In the absence of mode-of-action data to indicate otherwise, other effects (which are the critical
effects for ATSDR MRLs or EPA RfDs listed on IRIS, such as diarrhea, decreased body weight gain,
decreased pup survival, and increased liver weight) are assumed to occur via the same mode of action.
Thus, TTD values for other effects were not derived for the pyrethroid pesticides of concern.
Neurodevelopmental TTD values for pyrethroids were not developed due the equivocal nature of
evidence for associations between pyrethroids and neurodevelopmental effects. Results from standard
developmental toxicity and reproductive toxicity tests with animals orally exposed to the 10 pyrethroids
listed on EPA’s IRIS do not identify reproductive effects (e.g., effects on fertility) or standard
developmental effects (e.g., developmental delays, malformations) as health hazards of concern from
exposure to most pyrethroids, with the possible exception of resmethrin. More recently, EPA’s OPP
reported that no prenatal sensitivity was observed in 76 guideline studies submitted for 24 pyrethroids
(EPA 2011a).
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Appendix B: Background Information for Organophosphorus Insecticides

Organophosphorus compounds have been synthesized and developed as insecticides beginning in the
1940s and continuing to the present time (Costa 2008). Hundreds of organophosphorus compounds have
been synthesized and commercialized as insecticides, and more than half of insecticides used are

organophosphorus compounds (Costa 2008).

B.1 Toxicokinetics

Most organophosphorus insecticides are expected to be absorbed following inhalation, oral, or dermal
exposures, distributed by the blood to various tissues including nervous system tissues, rapidly
metabolized, and eliminated as metabolites in the urine (the principal route of elimination) and feces
without significant accumulation in tissues (ATSDR 1995, 1997a, 1997b, 1997c, 2000, 2001, 2003,
2008a, 2008b). Many organophosphorus insecticides are metabolized, via CYP enzymes, to metabolites
more potent than the parent compound in inhibiting ChE, the principal mode of action by which these
compounds cause neurological effects: diazinon to diazoxon (ATSDR 2008a); guthion to gutoxon
(ATSDR 2008b); ethion to monoxon (ATSDR 2000); methyl parathion to methyl paraoxon (ATSDR
2001); malathion to malaoxon (ATSDR 2003); disulfoton to disulfoton sulfoxide, disulfoton sulfone,
demeton S-sulfoxide, or demeton S-sulfone (ATSDR 1995); and chlorpyrifos to chlorpyrifos-oxon
(ATSDR 1997b). For these organophosphorus insecticides, further metabolism of the potent ChE-
inhibiting initial metabolites to other, often more polar, metabolites represent detoxification processes.
Examples of detoxification processes include CYP-mediated dealkylation or dearylation of the parent
compound, hydrolysis of oxon intermediates by A-esterases, and hydrolysis via reaction with B-esterases,
such as carboxylesterases and butyrylcholinesterase (Costa 2008). Thus, the balance between the kinetics
of bioactivation and detoxification is critical in the expression of the neurotoxicity of these chemicals.
For direct-acting organophosphorus insecticides, metabolism represents a detoxification process.
Examples of direct acting organophosphorus insecticides include chlorfenvinphos, which is metabolized
by CYP monooxygenases, esterases, and glutathione S-transferases (ATSDR 1997a), and dichlorvos,
which is metabolized by esterases and glutathione S-transferases (ATSDR 1997c). The extent of potential
reactivation of organophosphate-inhibited acetylcholinesterase decreases with time, a phenomenon called
aging. Aging is due to dealkylation of the alkoxy! group of the residue bound to the enzyme. The rate of

ageing is proportional to the electron-donating capacity of the alkyl group (ATSDR 2008a, 2008b, 2003).
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B.2 Health Effects

The critical and most well-studied effect of organophosphorus insecticides is the inhibition of ChE, which
results in accumulation of acetylcholine at acetylcholine receptors and overstimulation of nerve junctions
in the peripheral and central nervous systems (ATSDR 1995, 1997a, 1997b, 1997c, 2000, 2001, 2003,
2008a, 2008b). Acute exposure to high doses of organophosphorus insecticides causes severe ChE
inhibition associated with cholinergic signs and symptoms including lacrimation, perspiration, miosis,
diarrhea, nausea, and vomiting, accompanied with cramps or muscle weakness, drowsiness, fatigue,
mental confusion, convulsions, or coma. Numerous animal studies and limited controlled-exposure
human studies have identified acute and repeated exposure levels (via oral, inhalation, dermal, or
parenteral routes) resulting in inhibition of plasma, RBC, and/or brain ChE (ATSDR 1995, 19973, 1997,
1997c, 2000, 2001, 2003, 2008a, 2008b). Inhibition of RBC or brain ChE in the 20-59% range is
generally considered to be a “less serious” adverse neurological effect not associated with the gross signs
and symptoms of serious neurological dysfunction resulting from high dose levels (ATSDR 1995, 19974,
1997b, 1997¢, 2000, 2001, 2003, 2008a, 2008b).

The critical nature of ChE inhibition for acute, intermediate, and chronic exposure to organophosphate
insecticides is reflected in the critical effects for ATSDR MRLs for organophosphorus insecticides, which
are listed in Table B-1. Inhibition of either plasma, RBC, or brain ChE is the critical effect for the
majority of ATSDR’s inhalation MRLs (9/10) and oral MRLs (21/25) for organophosphorus insecticides
(Table B-1). The exceptions include:

e The intermediate inhalation MRL for malathion, which is based on nasal and larynx lesions in
rats exposed for 13 weeks at an exposure level (100 mg/m®) that did not significantly inhibit RBC
ChE (ATSDR 2003; Table B-1). Decreased RBC ChE activity was observed at the next highest
exposure level (450 mg/m?®) in the principal study, and decreased RBC or brain ChE was the
critical effect for the other MRLs for malathion (acute inhalation, intermediate oral, and chronic

oral).
e The intermediate oral MRL for methyl parathion, which is based on nerve function deficits in rat

dams given daily gavage doses on gestation days (GDs) 5-15 and extending through PNDs 1-28
(ATSDR 2001; Table B-1).

***DRAFT FOR PUBLIC COMMENT***



B-3

e The chronic oral MRL for methyl parathion, which is based on decreased hematocrit and RBC

counts in rats exposed to methyl parathion in the diet for 2 years at a dose level (0.25 mg/kg/day)
that did not significantly decrease RBC or brain ChE (ATSDR 2001; Table B-1). In the principal

study, decreased RBC and brain ChE activities were reported in rats exposed to the next highest

dose level of methyl parathion (2.5 mg/kg/day, Table B-1).

Table B-1. Critical Effects and PODs for ATSDR MRLS for Organophosphorus

Insecticides
Other NOAELs (N) and
POD LOAELs (L) for neurological
or developmental effects
Critical Species and  (mg/kg/day or mg/m® for N
Chemical effect NOAEL LOAEL exposure and L)
Acute inhalation exposure (mg/m?3)
Dichlorvos, acute | RBC 1.81 4.34 Rats, Fetal body weight and number
MRL ChE (0.2 ppm)  (0.48 ppm) continuous of live fetuses, mice or rabbits;
exposure, N=0.44 (7 hours/day, GDs 6—
3 days 15 or 6-10); L=ND.
Disulfoton, acute | RBC 0.5 1.8 Rats,
MRL ChE 4 hours/day,
5 days/week,
5 days
Guthion, acute | RBC 1.24 4.72 Rats,
MRL ChE 6 hours/day,
5 days/week,
2 weeks
Malathion, | RBC 65 123 Rabbits, 6 hours Nasal and eye irritation,
acute MRL ChE volunteers, 2-hour exposure,
N=21; L=85; no effect on
plasma or RBC ChE.
Intermediate inhalation exposure (mg/m?)
Dichlorvos, | RBC 0.27 1.26 Rats,
intermediate ChE (0.03 ppm) (0.14 ppm) 23 hours/day,
MRL GDs 1-20
Diazinon, | RBC 1.57 11.6 Rats,
intermediate ChE 6 hours/day,
MRL 5 days/week,
3 weeks
Disulfoton, | RBC 0.02 0.1 Rats, | RBC ChE, rats, 6 hours/day,
intermediate ChE and 6 hours/day, 5 days/week, 13 weeks,
MRL lethargy 5 days/week, N=0.16; L=1.4.
3 weeks
Guthion, | RBC 1.24 4.72 Rats,
intermediate ChE 6 hours/day,

MRL

5 days/week,
12 weeks
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Table B-1. Critical Effects and PODs for ATSDR MRLS for Organophosphorus

Insecticides
Other NOAELs (N) and
POD LOAELs (L) for neurological
or developmental effects
Critical Species and  (mg/kg/day or mg/m? for N
Chemical effect NOAEL LOAEL exposure and L)
Malathion, Nasal and NI 100 Rats, | RBC ChE, rats, 6 hours/day,
intermediate larynx 6 hours/day, 5 days/week, 13 weeks,
MRL lesions 5 days/week, N=100; L=450.
13 weeks
| RBC ChE, volunteers,
2 hours/day, 42 days, N=85;
L=NI.
Chronic inhalation exposure (mg/m?)
Dichlorvos, | RBC 0.05 0.54 Rats,
chronic MRL ChE (0.006 ppm) (0.06 ppm) 23 hours/day,
2 years
Acute oral exposure (mg/kg/day)
Chlorfenvinphos, | RBC NI 2.4 Rats, in diet for | brain ChE, rats, single
acute MRL ChE 10 days gavage dose, N =1; L=2.
Chlorpyrifos, | plasma 0.03 0.10 Humans, daily | RBC ChE, rat dams, gavage
acute MRL ChE capsules for 9— on GDs 6-15; N=0.1; L=1.
20 days
Diazinon, acute | RBC 0.6 1.2 Rats, in diet for Deficits in neurobehavioral
MRL ChE 12 days tests, mouse offspring, gavage
GDs 1-18, N=NI; L=0.18.
Dichlorvos, acute | brain NI 4 Rats, gavage, Decreased fetal body weight
MRL ChE 1time/day for and number of live fetuses,
14 days mice or rabbits; N=60
(mouse), 5 (rabbit); L=ND.
Disulfoton, acute | RBC 0.1 0.3 Rat dams, Delayed ossification, rat
MRL ChE gavage GDs 6— fetuses, gavage GDs 6-15,
15 N=0.3; L=1.
Ethion, acute | RBC and 0.06 0.71 Dogs, in diet for Delayed ossification, rat
MRL brain ChE 90 days fetuses, gavage GDs 6-15,
N=0.6, L=2.5.
Fused sterna, rabbit fetuses,
gavage GDs 6-18, N=2.4,
L=9.6
Guthion, acute | RBCand 1 2 Rat dams, Misaligned sternebrae, mouse
MRL brain ChE gavage GDs 6— fetuses, gavage GDs 6-15,
15 N=2.5, L=5.
Intermediate oral exposure (mg/kg/day)
Chlorfenvinphos, | immune NI 15 Mice, gavage | RBC ChE, rats, in diet for
intermediate responses for 90 days 12 weeks, N=3; L=10.

MRL
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Table B-1. Critical Effects and PODs for ATSDR MRLS for Organophosphorus

Insecticides
Other NOAELs (N) and
POD LOAELs (L) for neurological
or developmental effects
Critical Species and  (mg/kg/day or mg/m? for N
Chemical effect NOAEL LOAEL exposure and L)
Chlorpyrifos, | plasma 0.03 0.1 Humans, daily | RBC ChE, rat dams, gavage
intermediate ChE capsules for 9— on GDs 6-15; N=0.1; L=1.
MRL 20 days
Diazinon, | RBC 0.18 0.27 Rats, in diet for | RBC and brain ChE, dogs, in
intermediate ChE 42 days diet for 13 weeks; N=0.75,
MRL L=5.6.
Deficits in neurobehavioral
tests, mouse offspring, gavage
GDs 1-18, N=NI, L=0.18.
Dichlorvos, | RBC 0.033 NI Humans,
intermediate ChE 3 times/day for
MRL 21 days
Disulfoton, | brain 0.009 0.03 Rats, in diet for | RBC ChE, adult rats, in diet
intermediate ChE in Fla 2 generations  for 6 months, N=0.03, L=0.07.
MRL pups
Ethion, | RBC and 0.71 Dogs, in diet for
intermediate brain ChE 0.06 90 days
MRL
Guthion, | RBC 0.15 0.69 Dogs, in diet for | RBC, rats, in diet 14 weeks
intermediate ChE 26 weeks pre-mating through
MRL postpartum day 5 or 28, FO
dams at postpartum day 5 or
28: N=NI; L=0.55; F1 pups at
postpartum day 5 or 28:
N=1.5, L=4.9.
Gross neuromuscular
incoordination and decreased
fetal survival, rat offspring,
gavage GD 6 through
postpartum day 21, N=2.5,
L=5.
Malathion, | RBC 0.24 0.34 Humans, daily | brain ChE on PND 21, rat
intermediate ChE capsules for 32— offspring, gavage on GDs 6—

MRL

56 days
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Table B-1. Critical Effects and PODs for ATSDR MRLS for Organophosphorus

Chemical

Insecticides
Other NOAELs (N) and
POD LOAELs (L) for neurological
or developmental effects
Critical Species and  (mg/kg/day or mg/m? for N

effect NOAEL LOAEL exposure

and L)

Methyl parathion, Nerve NI 0.22 Rats, gavage  Nerve function deficits, rat
intermediate function GDs 5-15 offspring, gavage GDs 5-15
MRL deficits through PND 28 through PND 28 via dams
via dams, only, N=0.88, L=NI.
followed by
gavage from | RBC and brain ChE, mouse,
weaning gavage 28 days, N=1; L=3.
through 11—
12 weeks of age | RBC and brain ChE, dogs, in
diet 13 weeks, N=0.3; L=3.
Chronic oral exposure (mg/kg/day)
Chlorfenvinphos, | RBC NI 10 Rats, in diet for | RBC ChE, dogs, in diet for
chronic MRL ChE 2 years 2 years, N=2; L=10.
Chlorpyrifos, | RBC 0.1 1 Rats, in diet for | RBC ChE, dogs, in diet for
chronic MRL ChE 2 years 1 year; N=0.1; L=1.
Diazinon, chronic | RBC 0.065 55 Rats, in diet for | RBC and brain ChE, dogs, in
MRL ChE 97 weeks diet for 52 weeks, N=0.017,
L=4.6.
Deficits in neurobehavioral
tests, mouse offspring, gavage
GDs 1-18, N=NI, L=0.18.
Dichlorvos, | RBC and 0.05 1 Dogs,
chronic MRL brain ChE 1 time/day,
52 weeks
Disulfoton, | RBC NI 0.06 Rats, in diet for | RBC and brain ChE, dogs, in
chronic MRL ChE 1.5-2 years diet for 2 years, N=0.03,
L=0.14.
Ethion, chronic | RBC and 0.06 0.71 Dogs, in diet for | RBC or brain ChE, rats or
MRL brain ChE 90 days mice, in diet for 2 years, N=2
(rats) or 1.2 (mice), L=NI.
Guthion, chronic | RBC and 0.15 0.69 Dogs, in diet for | RBC and brain ChE, rats, in
MRL brain ChE 52 weeks diet 2 years, N=0.75, L=2.3.
Malathion, | RBC 2 (males) 29 (males) Rats, in diet for
chronic MRL ChE 3 (females) 35 (females) 2 years
Methyl parathion, Decreased 0.025 0.25 Rats, in diet for | RBC and brain ChE, rats, in
chronic MRL hematocrit 2 years diet 2 years, N=0.25; L=2.5.
and RBC
counts
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